Epithelial organs, including the lung, are known to possess regenerative abilities through activation of endogenous stem cell populations, but the molecular pathways regulating stem cell expansion and regeneration are not well understood. Here we show that Gata6 regulates the temporal appearance and number of bronchioalveolar stem cells (BASCs) in the lung, its absence in Gata6-null lung epithelium leading to the precocious appearance of BASCs and concurrent loss in epithelial differentiation. This expansion of BASCs was the result of a pronounced increase in canonical Wnt signaling in lung epithelium upon loss of Gata6. Expression of the noncanonical Wnt receptor Fzd2 was downregulated in Gata6 mutants and increased Fzd2 or decreased b-catenin expression rescued, in part, the lung epithelial defects in Gata6 mutants. During lung epithelial regeneration, canonical Wnt signaling was activated in the niche containing BASCs and forced activation of Wnt signaling led to a large increase in BASC numbers. Moreover, Gata6 was required for proper lung epithelial regeneration, and postnatal loss of Gata6 led to increased BASC expansion and decreased differentiation. Together, these data demonstrate that Gata6-regulated Wnt signaling controls the balance between progenitor expansion and epithelial differentiation required for both lung development and regeneration.
Organ regeneration requires the proper balance between differentiation and self-renewal of tissue-specific progenitor cells. The transcriptional and signaling pathways required to direct this balance are largely unknown, but it is thought that many of the pathways involved in regulating embryonic development are recapitulated in progenitor expansion and tissue regeneration.
The lung is a complex organ consisting of several distinct epithelial and mesodermal cell lineages patterned in a proximal-distal manner, including specialized cell types that produce surfactant proteins and lipids as well as ones that form the thin gas exchange interface required for postnatal respiration (reviewed in refs. 1,2). Developmental defects in this patterning lead to defective differentiation and postnatal respiratory distress, a hallmark of congenital lung disease. A small core of transcription factors, including Gata6, Nkx2.1, Foxa1 and Foxa2, are known to be important for lung airway epithelial differentiation and development [3] [4] [5] . Altered expression or activity of any of these factors leads to severe defects in airway epithelial differentiation and development. However, it is unclear whether any of these factors are critical for regulating the balance between differentiation and progenitor cell development and regeneration in the lung. Moreover, the molecular pathways acting downstream of these factors are largely unknown.
In adult mammals, lung epithelium undergoes slow homeostatic turnover, resulting in the replacement of much of the epithelium after approximately 4 months in rats 6 . Both homeostatic turnover and regeneration after injury are thought to involve endogenous lung progenitor cells. The progenitor cell niches within the lung are poorly characterized, but recent studies have identified several stem cell niches located in distinct positions along the proximal-distal axis of the airways 7, 8 . BASCs represent one of these regional progenitor cell populations and are located in the bronchioalveolar duct junction (BADJ) at the terminal ends of distal bronchioles 7, 9 . BASCs are thought to regenerate both bronchiolar and alveolar epithelium during homeostatic turnover and in response to injury 9 . The transcriptional and signaling pathways required for the differentiation and expansion in BASCs are largely unknown. Given the proposed requirement for BASCs and other progenitor cells in normal homeostatic turnover in the lung as well as in regeneration and repair after injury, characterization of the regulatory mechanisms controlling the expansion and differentiation these cells could have a profound impact on our understanding and treatment of lung disease.
In this study, we have examined the role of the zinc finger transcription factor Gata6 in regulating the balance between lung epithelial differentiation and progenitor cell expansion and regeneration. Specific ablation of Gata6 in lung epithelium led to a marked loss in airway epithelial differentiation and to neonatal death. Unexpectedly, this was associated with the ectopic and premature appearance of BASCs. Gata6 acts through direct regulation of Fzd2, which inhibits the canonical Wnt pathway in lung epithelial cells, and loss of Gata6 led to activation of Wnt-b-catenin signaling in the lung. Postnatal deletion of Gata6 resulted in compromised airway regeneration associated with defective BASC expansion and differentiation, which also occurred upon postnatal activation of canonical Wnt signaling. These studies define a new pathway mediated by Gata6-Wnt that controls the balance between progenitor or stem cell expansion and epithelial differentiation and regeneration in the lung.
RESULTS

Loss of Gata6 results in precocious appearance of BASCs
Gata6 was expressed robustly in both the developing distal airway epithelium and in the more proximal bronchiolar epithelium (Supplementary Fig. 1 online and ref. 10) . To examine the role of Gata6 in lung epithelial development, we crossed mice with a conditional null loxP-flanked (flox) allele of Gata6 (Gata6 flox/flox ) to the Sftpc-rtTA: tetO-cre bigenic system (hereafter referred to as Sftpc-cre) to generate Gata6 flox/flox :Sftpc-cre mutants that lack Gata6 in airway epithelium 11 . The Sftpc-rtTA system has been shown to inducibly express transgenes both in distal airway epithelium and in bronchiolar epithelium [12] [13] [14] . Treatment of pregnant dams from E0.5 to birth with doxycycline resulted in lethality in all Gata6 flox/flox :Sftpc-cre mutants within minutes after birth due to respiratory failure. Examination of Gata6 flox/flox :Sftpc-cre mutants earlier in gestation showed that loss of Gata6 in lung epithelium led to increased airway dilation, which could be observed as early as E12.5 ( Fig. 1a-f) . However, lung size and lobation was normal in Gata6 flox/flox :Sftpc-cre mutants (Fig. 1a-f and data not shown). Normal lobe patterning suggests that Gata6 is not required for some of the earliest stages of lung branching.
To determine the extent of epithelial differentiation in Gata6 flox/flox : Sftpc-cre mutants, we performed immunohistochemistry using antibodies recognizing markers of distinct epithelial cell lineages within the lung airways, including surfactant protein C (SP-C), a marker of alveolar epithelial type 2 cells (AEC-2); Clara cell 10-kDa protein (CC10), a marker of nonciliated Clara cells of the bronchiolar airways; surfactant protein B (SP-B), which is expressed by both AEC-2 and Clara cells; and T1a, a marker of type 1 alveolar epithelial cells (AEC-1). Whereas wild-type mice at E18.5 expressed typical spatial patterns and amounts of all of these proteins, Gata6 flox/flox :Sftpc-cre mutants showed little or no expression of these proteins (Fig. 1g-n) . Notably, sporadic expression of CC10 was observed in cells within the distal airways of Gata6 flox/flox :Sftpc-cre mutants, a region of the lung that normally does not contain Clara cells (Fig. 1l) . Thus, loss of Gata6 expression led to defective lung epithelial differentiation and ectopic expression of CC10 in distal airway epithelium. Figure 1 Loss of Gata6 leads to lung epithelial differentiation defects.
(a-n) Wild-type (WT) and Gata6 flox/flox :Sftpc-cre mutants (G6 flox :Sftpc-cre) with hematoxylin and eosin staining (a-f) or immunohistochemical staining for lung epithelial marker proteins (g-n). Gata6 flox/flox :Sftpc-cre mutants showed dilated airways beginning as early as E12.5 (d,e; arrowheads). Gata6 flox/flox :Sftpc-cre mutants showed decreased or absent expression of SP-C (g,k), CC10 (h,l), SP-B (i,m), and T1a (j,n). However, ectopic expression of the Clara cell marker protein CC10 was observed in distal regions of the airways of Gata6 flox/flox :Sftpc-cre mutants (l, arrowheads). Asterisk, a large bronchiolar airway that has reduced CC10 in the mutant. Scale bars: a,b,d,e,g-n, 500 mm; c,f, 800 mm. CC10-positive Clara cells are thought to include several progenitor cell populations in the lung airway, including BASCs, which express both SP-C and CC10 proteins, a trait not shared by other epithelial cell types within the lung 9 . To assess whether the cells ectopically expressing CC10 in Gata6 flox/flox :Sftpc-cre mutants also expressed SP-C, we performed double immunofluorescence staining at E18.5. A high percentage of cells expressing CC10 within the distal airways also expressed SP-C, indicating that these represented BASCs (Fig. 2a-d) . Moreover, a high percentage of the BASCs double-positive for SP-C and CC10 in Gata6 flox/flox :Sftpc-cre mutants also expressed Sca1, another marker of BASCs (Fig. 2e,f and ref. 9 ). There seemed to be at least two populations of Sca1-expressing cells: CC10 + Sca1 + and SP-C + CC10 + Sca1 + . Whereas approximately 8-10% of CC10 + cells expressed Sca1 in wild-type embryos at E18.5, Gata6 flox/flox :Sftpc-cre mutants showed a fivefold increase in CC10 + Sca1 + cells (Fig. 2d-g) . Notably, at this stage of development, we did not identify substantial numbers of SP-C + CC10 + BASCs in wild-type littermates by immunostaining (Fig. 2g) . However, using FACS analysis for SP-C and CC10 expression on permeabilized lung epithelial cells, we did observe a small percentage of SP-C + CC10 + BASCs in wild-type mice at E18.5, which was markedly increased in Gata6 flox/flox :Sftpc-cre mutants (Fig. 2h,i ). These data demonstrate that a lung epithelium-specific loss of Gata6 led to premature appearance and increased numbers of BASCs.
Gata6 regulates bronchiolar epithelial proliferation
To further elucidate the cellular defects arising from loss of Gata6 expression in lung epithelium, we assessed cellular proliferation. In wild-type lungs, cellular proliferation is normally very low in bronchiolar epithelium (Fig. 3 and ref. 6 ). By contrast, cellular proliferation was substantially increased in bronchiolar epithelium of Gata6 flox/flox :Sftpc-cre mutants (Fig. 3a-g ). Moreover, the bronchiolar epithelium had a more disorganized appearance, with cells growing on top of one another (Fig. 3e,f) . This phenotype is probably the result of increased proliferation of Clara cells, as shown by double immunostaining for the proliferation marker Ki-67 and CC10, which was expressed at very low levels in the bronchiolar epithelium of mutants ( Fig. 3h-n) . Notably, cellular proliferation was relatively unaffected in the distal airways of Gata6 flox/flox :Sftpc-cre mutants ( Fig. 3o-q) . These data are consistent with a model wherein Gata6 regulates differentiation and proliferation of the bronchiolar epithelial niche, expanding the BASC population.
Fzd2 antagonizes Wnt-b-catenin signaling in lung epithelium
The precocious appearance of BASCs and increased proliferation in CC10 + cells suggested that Gata6 regulates molecular pathway(s) required for progenitor cell development in the lung. We performed microarray analysis to identify Gata6-dependent pathways in lung epithelium (Fig. 4a) . One of the genes identified from these analyses was Fzd2, encoding a Wnt receptor previously reported to activate the noncanonical Wnt pathway 15, 16 . Fzd2 expression was specifically downregulated in airway epithelium of Gata6 flox/flox :Sftpc-cre mutants, as determined by RT-PCR and in situ hybridization analyses ( Fig. 4b-f ). In contrast, expression of Wnt7b and Wnt2, which encode two ligands in the Wnt family expressed in the lung, was not affected ( Fig. 4g-k) . Although in vitro studies have indicated that noncanonical Wnt signaling antagonizes the b-catenin-dependent canonical Wnt pathway, less is known about what function this has in vivo [16] [17] [18] . To assess whether loss of Fzd2 led to altered canonical Wnt signaling in lung epithelia, we used short interfering RNA (siRNA)-mediated knockdown to inhibit Fzd2 expression in the lung epithelial cell line MLE-15, which expresses Fzd2. Fzd2 expression was reduced by approximately 75% as compared to expression in control siRNA-transfected cells, based on quantitative PCR (Q-PCR; data not shown). Unexpectedly, cotransfection of the TOPFLASH Wnt reporter revealed that inhibition of Fzd2 expression led to a substantial increase in TOPFLASH activity (Fig. 4l) . Gata6 was also able to transactivate the -1.5-kb proximal mouse Fzd2 promoter in NIH-3T3 cells (Fig. 4m) . Moreover, chromatin immunoprecipitation (ChIP) assays showed a direct association of Gata6 with the mouse Fzd2 promoter in the lung (Fig. 4n,o) . Thus, mouse Fzd2 is a direct target of Gata6.
On the basis of these data, we predicted that Gata6 flox/flox :Sftpc-cre mutants would show increased canonical Wnt signaling in airway epithelia in vivo. Given that canonical Wnt signaling has been demonstrated to promote expansion of progenitor cells in other tissues [19] [20] [21] [22] , increased activity in this pathway could help explain the increased proliferation of CC10 + cells and expansion of BASCs that we observed. Therefore, we determined canonical Wnt signaling activity in Gata6 flox/flox :Sftpc-cre mutants. Increased expression of activated bcatenin protein was readily observed in Gata6 flox/flox :Sftpc-cre mutants at E18.5 (Fig. 5a,b) . Next, we crossed the transgenic Wnt-b-catenin reporter line BAT-lacZ (BAT-gal) into the Gata6 flox/flox :Sftpc-cre mutants and stained embryos for b-galactosidase expression at E13.5 and E16.5. We have previously reported that b-galactosidase expression from this Wnt reporter declines rapidly in airway epithelium after E11. 5 (ref. 12) . Notably, there was a pronounced increase in b-galactosidase expression in the airway epithelium of Gata6 flox/flox :Sftpc-cre mutants, indicating that Wnt-b-catenin signaling was upregulated in airway epithelium upon loss of Gata6 expression ( Fig. 5c-h ). In wild-type mice, b-galactosidase expression was observed in scattered lung mesenchymal cells at E13.5 ( Fig. 5d) and in a few epithelial cells at E16.5 (Fig. 5g) , as previously reported 12 . This pronounced increase in canonical Wnt signaling is also the likely cause of the increased proliferation observed in Clara cells of Gata6 flox/flox :Sftpc-cre mutants (Fig. 3) . Previously described targets of canonical Wnt signaling such as Fgfr2, Mycn (N-myc) and Bmp4 were also upregulated in Gata6 flox/flox :Sftpc-cre mutants ( Supplementary Fig. 2 online) . However, intestinal genes previously shown to be upregulated upon forced activation of b-catenin signaling in the lung were relatively unaffected, suggesting distinct differences between this model of hyperactivated canonical Wnt signaling and the upregulation of canonical Wnt signaling observed in the Gata6 flox/flox :Sftpc-cre mutants (Supplementary Fig. 2) . Together, these data demonstrate that canonical Wnt signaling is markedly upregulated by loss of Gata6 and Fzd2, which may lead to the imbalance in BASC proliferation and differentiation.
Rescue of epithelial defects in Gata6 flox/flox :Sftpc-cre mutants To determine whether loss of Fzd2 was responsible for the lung epithelial differentiation defects observed in Gata6 flox/flox :Sftpc-cre mutants, we tested whether reexpression of Fzd2 could rescue the block in epithelial differentiation, as assayed by loss of SP-C expression in Gata6 flox/flox :Sftpc-cre mutants (Fig. 5i-m) . As expected, electroporation of a control plasmid into lung explants did not rescue the loss of SP-C expression observed in Gata6 flox/flox :Sftpc-cre mutants (Fig. 5l) . By contrast, reexpression of Fzd2 in Gata6 flox/flox :Sftpc-cre mutant lungs by electroporation of a Fzd2 expression plasmid led to a substantial increase in SP-C expression (Fig. 5m) . Expression of FGFR2, N-myc and BMP4 was also upregulated upon loss of Gata6 expression, and this increase was reversed upon rescue with Fzd2 reexpression in lung explants ( Supplementary Fig. 3 online) . Because an increase in Wnt-b-catenin signaling in Gata6 flox/flox : Sftpc-cre mutants could contribute to the increase in BASC expansion and epithelial differentiation defects, we generated Gata6 flox/flox : Sftpc-cre:Ctnnb1 flox/+ mutants to reduce b-catenin expression and signaling by 50% in a Gata6 null background. Loss of one copy of the b-catenin gene led to increased SP-C expression, reestablishment of proper CC10 expression in bronchiolar epithelium and reduced numbers of SP-C + CC10 + double-positive BASCs as compared to Gata6 flox/flox :Sftpc-cre mutants (Fig. 5n-s and data not shown). Although this degree of rescue was substantial, these mice still succumbed to respiratory failure at birth, indicating that rescue was not complete (data not shown).
Wnt-b-catenin signaling regulates BASC expansion and lung regeneration
The above data suggest that canonical Wnt-b-catenin signaling promotes expansion of BASCs. However, it is unknown whether Wnt-b-catenin signaling is activated during lung epithelial regeneration in the adult as well as whether forced activation of this pathway leads to BASC expansion. To determine whether canonical Wnt-bcatenin signaling is activated upon lung epithelial regeneration, we injured adult BAT-lacZ Wnt-b-catenin reporter mice with naphthalene and examined the activity of Wnt signaling using b-galactosidase histochemical staining 23 . Bronchiolar Clara cells, except for BASCs, express cytochrome P450-2F2, making them susceptible to naphthalene toxicity 24 . Depletion of Clara cells with naphthalene induces expansion and differentiation of BASCs as they regenerate the bronchiolar epithelium, and this injury is normally resolved after 10-14 d (refs. 7,9) . In uninjured mice and 2 d after injury, we observed small clusters of one to three b-galactosidasepositive cells within the BADJ region (Fig. 6a,b) . By 4 d after injury, we saw a substantial increase in the number of cells staining for b-galactosidase expression, and by 7 d after injury, we saw a marked increase in b-galactosidase staining in the BADJ niche, where BASCs are located (Fig. 6c,d ).
To determine whether increased activity of Wnt-b-catenin signaling would lead to increased numbers of BASCs, we crossed a Scgb1a1-cre mouse line, which targets Cre expression specifically to Clara cells using the promoter of the CC10 gene (Scgb1a1), to a line carrying the Ctnnb1 ex3flox allele, which produces a constitutively activated form of b-catenin that activates canonical Wnt signaling to high levels 25 . Cre expression from this mouse line is initiated at approximately E18.5 and spares alveolar epithelium, thus allowing us to target a more specific pool of cells containing BASCs and circumventing the perinatal lethality due to respiratory failure observed in Gata6 flox/flox :Sftpc-cre mutants 26 . Ctnnb1 ex3flox : Scgb1a1-cre adult mice were viable and expressed CC10 normally (data not shown). However, they had increased numbers of BASCs located in the BADJ region (Fig. 6e-k) . Using naphthalene injury to induce epithelial regeneration, we compared wild-type and Ctnnb1 ex3flox :Scgb1a1-cre mice for differences in the number of BASCs during airway regeneration. Notably, in Ctnnb1 ex3flox : Scgb1a1-cre mice, most cells found in the regenerating airways after injury were SP-C + CC10 + double-positive BASCs (Fig. 6l-x) . This was supported by a pronounced increase in double-positive BASCs using FACS analysis ( Supplementary Fig. 4 online) . These data show that Wnt signaling is activated in the niche containing BASCs and that forced activation of Wnt-b-catenin signaling results in a marked increase in BASCs.
Gata6 is essential for lung epithelial regeneration
On the basis of the data showing that there is increased Wnt signaling after loss of Gata6 in lung epithelium and that activated Wnt signaling leads to increased BASC numbers, we predicted that postnatal loss of Gata6 would lead to an increase in BASC number and decreased airway regeneration. As the Gata6 flox/flox :Sftpc-cre mutants die perinatally, we crossed the Gata6 flox/flox mice to the Scgb1a1-cre mice to delete Gata6 in Clara cells. Gata6 flox/flox :Scgb1a1-cre mutants had viability similar to that of wild-type littermates (data not shown). However, the Gata6 flox/flox :Scgb1a1-cre mutants showed increased proliferation in CC10-positive cells similar to that observed in Gata6 flox/flox :Sftpc-cre mutants at E18.5 ( Fig. 7a-e) .
To determine whether BASC differentiation and airway regeneration were affected in Gata6 flox/flox :Scgb1a1-cre mutants, we studied naphthalene-induced acute lung injury. The initial response in both wild-type and Gata6 flox/flox :Scgb1a1-cre mutants was similar at 2 d and 4 d after naphthalene treatment, with both controls and mutants showing severe loss of CC10-expressing cells (Fig. 7f-i) . However, by 14 d after injury, the Gata6 flox/flox :Scgb1a1-cre mutants showed a substantial impairment in Clara cell regeneration in the bronchiolar airways (Fig. 7j,k) . The CC10-positive cells within the bronchi of Gata6 flox/flox :Scgb1a1-cre mutants were also qualitatively different: instead of uniform CC10 expression, as observed in wild-type mice, CC10 expression in the mutants fell into two categories: high expression, as observed in wild-type lungs, or low expression (Fig. 7l,m) . More than 50% of bronchiolar epithelial cells were negative for CC10 expression and less than 10% expressed high levels of CC10 in Gata6 flox/flox :Scgb1a1-cre mutants (Fig. 7n) . The different levels of CC10 expression observed in these mice may reflect abnormal development of Clara cells repopulating the airways because of the disruption in BASC expansion and differentiation. Most of the remaining CC10-negative cells in the bronchiolar airways expressed b-tubulin-IV, indicating that they were ciliated epithelium (data not shown).
To determine whether the loss of Clara cell regeneration was associated with altered BASC development, we immunostained for SP-C and CC10. Consistent with previous reports, a small expansion of BASCs was observed at 4 d after injury in both wild-type and Gata6 flox/flox :Scgb1a1-cre mutants (data not shown and ref. 9). However, at 14 d after injury, a marked increase in BASCs was observed in Gata6 flox/flox :Scgb1a1-cre mutants that was not observed in wild-type mice (Fig. 7o-r) . These cells were associated with an increase in proliferation in both CC10 + and SP-C + CC10 + cells in the terminal bronchioles (Fig. 7s-u and data not shown) . Together, these data indicate that Gata6 is essential in airway epithelial regeneration through regulation of BASC expansion and differentiation in the adult lung by means of modulation of Wnt signaling (Fig. 7v) .
DISCUSSION
The molecular programs regulating endogenous tissue-specific stem cell expansion and differentiation are of obvious importance in developing techniques to harness the ability of these cells to regenerate damaged and diseased organs. We show that the transcription factor Gata6, acting through Fzd2-mediated Wnt signaling, is required for proper development of BASCs. Loss of Gata6 leads to unrestrained expansion of BASCs at the expense of lung epithelial differentiation during both lung development and airway regeneration after injury, similar to what occurs upon forced activation of canonical Wnt signaling. This finding underscores an important aspect of stem cell biology: the recapitulation of critical developmental pathways in the regulation of progenitor cell expansion is required for tissue regeneration in the adult.
The role of most tissue restricted transcription factors in progenitor cell expansion and differentiation remains less well understood than their role in normal development. Although it is commonly thought that these transcription factors and pathways play key roles in tissue repair by directing self-renewal and differentiation of endogenous progenitor cells, this hypothesis has not been tested in many tissues, including the lung. Gata6 is expressed throughout the developing foregut endoderm and is important for regulating lung epithelial gene transcription, and the regulatory regions of most lung epitheliumspecific genes contain evolutionarily conserved GATA DNA binding sites 5, 10, [27] [28] [29] [30] . Gata6 regulation of Fzd2 reveals an unexpected role for noncanonical Wnt antagonism of canonical Wnt signaling in controlling progenitor cell expansion and differentiation. The role for Fzd2 in Wnt signaling has been somewhat controversial. Most studies have shown that Fzd2 regulates effectors of noncanonical Wnt signaling, including G-protein signaling and activation of calcium/calmodulin-dependent protein kinase II (CamKII) (refs. 31-33) . Because increased canonical Wnt signaling leads to defective epithelial differentiation and to tumor formation in the lung 34, 35 , it is imperative that this pathway be controlled by multiple signals. Gata6 regulation of Fzd2 may be key in this, through fine-tuning the activity of canonical Wnt signaling in airway epithelium.
Gata factors and Wnt signaling have each been implicated in progenitor cell expansion and differentiation. Gata6 seems to oppose Nanog in regulating primitive endoderm development, with loss of Gata6 in embryonic stem cells leading to increased proliferation and decreased primitive endoderm differentiation [36] [37] [38] . Wnt signaling has also recently been implicated in progenitor self-renewal and tissue regeneration. In zebrafish, tail regeneration requires canonical Wnt signaling, and inhibition of this pathway inhibits regeneration 21 . Zebrafish cardiac regeneration and expansion of anterior heart field progenitors in mammals also seems to require canonical Wnt signaling 19, 21, 39 . Although hyperactive canonical Wnt signaling has been shown to disrupt lung development, leading to a loss of epithelial differentiation and ectopic expression of intestinal marker genes, these studies have not addressed the role of this pathway in regulating progenitor development in the lung 34, 35 . We show that increased canonical Wnt signaling in lung epithelium not only results in defective epithelial differentiation but also increased progenitor cell development, including precocious appearance of BASCs. Our studies also highlight regulatory cross-talk between canonical and noncanonical Wnt signaling pathways in progenitor cell development by revealing that Fzd2 inhibits canonical Wnt signaling in lung epithelia, which helps to balance epithelial differentiation with progenitor cell expansion.
BASCs were originally defined by their expression of two lung epithelium-specific marker proteins, SP-C and CC10, in addition to expression of other general stem cell markers such as Sca1 (ref. 9). The involvement of BASCs in lung cancer biology is supported by the observation that BASC numbers were substantially increased in a K-ras tumor model of lung adenocarcinoma 9 . The data on BASC development and differentiation have remained scant, with recent studies focusing on their expansion upon disruption of the cell cycle/ proliferation genes p27kip1, MAPK p38 and PTEN (refs. 40-43) . Our data implicate BASC function in normal regeneration after lung injury and show that Gata6 regulates a Wnt-mediated pathway required for this regeneration. We show a pronounced increase in bronchiolar epithelial proliferation in response to increased canonical Wnt signaling in airway epithelium. Such an increase is likely to contribute to the precocious appearance and expansion of BASCs upon loss of Gata6 in the lung.
Our current study has revealed that Gata6 is required for the balance between BASC expansion and epithelial differentiation in the lung. Gata6 regulates Fzd2 gene expression, and Fzd2 acts as a negative regulator of canonical Wnt signaling in lung epithelium. Our data show that Wnt signaling is activated upon lung epithelial regeneration, and increased Wnt signaling expands the numbers of BASCs in the lung. Given this ability of canonical Wnt signaling to expand progenitor cell populations in the lung, it may be possible in the future to use agonists of this pathway to increase lung injury repair and regeneration. However, given the role of Wnts as oncogenes and the fact that BASCs are thought to be progenitors of lung adenocarcinomas, careful consideration will have to be given before modulating the Wnt pathway for this purpose.
METHODS
Mice. Gata6 flox/flox , Sftpc-rtTA, tetO-cre, Ctnnb1 flox/flox , Ctnnb1 ex3flox , Scgb1a1-cre and BAT-lacZ mice were previously generated and were genotyped as described 11, 13, 14, 23, 26, 44, 45 . Sftpc-rtTA:tetO-cre mice were treated with doxycycline (1 mg per kilogram body weight in food and 1 mg/ml in water) starting at E0.5 for developmental deletion. All animal experiments were performed with the approval of the University of Pennsylvania Institutional Animal Care and Use Committee.
Histology. In situ hybridization was performed as previously described 46 . Immunohistochemistry and immunofluorescence staining was performed using the following antibodies at the indicated dilutions: SP-C (Chemicon, 1:500), CC10 (Santa Cruz T-18, 1:50), SP-B (Chemicon, 1:250), rat antibody to Ki-67 (Dako, clone TEC-3), Gata6 (R&D Systems AF1700, 1:50), Sca1 (R&D Systems AF1226, 1:50), T1a (Developmental Studies Hybridoma Bank monoclonal antibody 8.1.1, University of Iowa, 1:100), b-catenin (BD Biosciences, 1:50), activated b-catenin (Millipore clone 8E7, 1:100) and b-tubulin-IV (BioGenex MU178-UC, 1:100). b-Galactosidase histochemical staining was performed as previously described 47 .
Quantitative assessment of BASCs. Immunostained cells were counted 200 mm proximal and distal to the BADJ in relation to the branching airways, using a protocol similar to that previously described 9 . We used a minimum of five sections from each sample for quantitative measurements and analyzed at least four mice of each described genotype in all experiments. FACS analysis was performed using lung epithelial cells isolated from E18.5 or adult lungs, as indicated, using a previously described protocol 9 . Lung epithelial cells were permeabilized using the Fix and Perm Cell kit (Caltag Labs) and then stained for SP-C and CC10 expression using the antibodies described above followed by Alexa Fluor 647 and 488 secondary antibodies, respectively 40, 42 .
Microarray studies. RNA was isolated from E18.5 lungs from wild-type and Gata6 flox/flox :Sftpc-cre mutant littermates (three samples of each genotype). Total RNA was transcribed to generate biotinylated cRNA to use as a probe for Affymetrix mouse 230A GeneChips. Three chips were hybridized for each genotype. Data from these arrays were normalized using Microarray Suite 5.0 (MAS5, Affymetrix) and Significance Analysis of Microarrays (SAM). Twofold and greater changes in gene expression were considered significant. Treeview software was used to generate the heatmap. Total RNA was isolated with Trizol and Q-PCR was performed using the oligonucleotides listed in Supplementary  Table 1 online and an Applied Biosystems 7900HT system with Sybr Green reaction mixture as previously described 48 .
Cell culture transfection assays. MLE-15 cells were transfected with the TOPFLASH luciferase reporter plasmid along with either Fzd2 siRNA Smartpool or control siRNA (Dharmacon) using Lipofectamine 2000 (Invitrogen). A Renilla luciferase control expression plasmid was included in the transfections to control for transfection efficiency. Cells were collected 48 h after transfection, and luciferase assays were performed as previously described 49 .
The proximal 1.5 kb promoter region of mouse Fzd2 was amplified and cloned into the pGL3basic vector to generate pGL3Fzd2pro.luc. The oligonucleotide sequences used to generate the Fzd2 promoter plasmid are listed in Supplementary Table 1 . This plasmid was transfected along with a Gata6 expression plasmid into NIH-3T3 cells and a control Renilla luciferase expression plasmid. Cells were collected 48 h after transfection and luciferase assays were performed as previously described 49 .
Quantitative PCR and chromatin immunoprecipitation (ChIP) assays. Total RNA was isolated with Trizol, and Q-PCR was performed using the primers listed in Supplementary Table 1. Chromatin was made from E18.5 mouse lung tissue using a commercially available kit (Upstate Biotechnology). Lung tissue was minced and fixed with 1% formaldehyde, and chromatin was sheared by sonication to an average length of 500-600 bp, then immunoprecipitated with a GATA6-specific antibody (Santa Cruz Biotechnology, C-10). Reverse crosslinked immunoprecipitated chromatin was subjected to PCR using the primers listed in Supplementary Table 1. Naphthalene injury. Mice were injected intraperitoneally with 300 mg/kg of naphthalene dissolved in corn oil; control mice were injected with the same volume of corn oil. For immunohistochemistry, lungs were inflation-fixed at 25 cm water pressure with 4% paraformaldehyde (PFA) at the indicated time points after naphthalene injection and further fixed by submersion in 4% PFA for 24 h. For b-galactosidase staining, lungs were fixed with 2% PFA and processed as previously described 47 .
Lung explant studies. Lungs from E11.5 wild-type or Gata6 flox/flox :Sftpc-cre mutants were isolated and the airways were microinjected with 1 mg/ml of either a Fzd2 expression plasmid or a control expression plasmid, rinsed briefly in PBS to remove extraneous external DNA and electroporated in a BTX ECM 2001 electroporator using 3 pulses at 50 V, 25 ms. Explants were then cultured as previously described for 48 h, after which they were collected and fixed for histology 47 .
URLs. SAM, http://www-stat.stanford.edu/~tibs/SAM/; Treeview, http:// rana.lbl.gov.
Accession codes. Gene Expression Omnibus microarray data: GSE11165.
Note: Supplementary information is available on the Nature Genetics website.
